Field-grown sugar beets were analysed for morphological characters, sucrose content, and reproducible transcript profiles by macroarray analyses with 11 520 unique sugar-beet cDNA targets in two different years. Seasonal differences were partly compensated by expressing sampling dates as thermal time. During early beet development the number of cambial rings, root length, and sucrose concentration had already achieved >40% of their final values. Sucrose levels rose from 10% to 17% over the thermal time of 1300-1400°Cd with only small changes later when lower concentrations were restricted to the exterior zone at the minimum of the spatial sucrose gradient through the beet. The number of leaves and root diameter followed the same temporal growth pattern, but mass increased until beet maturity at around 2000°Cd. Cluster analysis identified 543 transcripts with reproducible preferential expression between 1300-1400°C d, and 170 showing the highest transcript levels later. In maturing beets, 373 transcripts were overrepresented in the inner zone and 148 in the outer zone. During early development, genes involved in cytoskeletal reorganization and transport processes showed the highest transcript levels. Cell wall biogenesis-, defence-, stress-, and degradation-related transcripts were identified in all samples, and associated with pathogen attack during late development and in the outer zone. Candidates with potential roles in carbohydrate metabolism appeared to serve anaplerotic functions by converting excess intermediates to sucrose production. Transcripts preferentially occurring in sucrose-accumulating young beet cells and newly generated peripheral cells of mature beets are discussed as potential breeding targets to improve sink strength and growth.
Introduction
During the first year of its biennial life cycle, sugar beet (Beta vulgaris L.) develops a sucrose-rich tap root composed of 90% root tissue and 10% hypocotyl tissue (Elliott and Weston, 1993) . The root contains up to 20% sucrose per fresh weight at maturity. Sugar beet breeding aims towards increasing the extractable sucrose and to lower the concentration of nitrate, potassium, and sodium which inhibit sucrose purification, as well as to increase resistance to biotic or abiotic stress factors.
After germination, dry biomass of sugar beet leaves exceeds that of roots (Elliott and Weston, 1993) , but at the 8-10 leaf stage, leaves and roots start growing simultaneously, and, later on, roots take up the major part of dry weight. Sucrose accumulates during growth in the absence of a ripening phenomenon (Milford, 1973) . The morphology of the tap root is conditioned by a central cambium produced between primary xylem and phloem, and by 12-15 supernumerary secondary cambium rings initiated centrifugally. During the first 8 weeks after emergence, eight cambium rings are laid down. Only four or five more rings are formed during later development when the focus is on rapid cell expansion and maximum cell division of cambial cells and their derivatives. Within a vascular ring, xylem and phloem are organized in bundles and separated by parenchymatous rays. The innermost six rings account for about 75% of the tap root; the rings outside contribute progressively less to the radial expansion. The most expanded sector of the beet is characterized by the highest cambial activity. The transport and distribution of sucrose follow the same pattern (Elliott and Weston, 1993) . A correlation between cell size and sucrose concentration exists for cells up to 10-15310 À8 cm 3 , but in larger cells sucrose concentration decreases. There is evidence of apoplastic sucrose unloading from the phloem elements, followed by sucrose cleavage involving sucrose synthases and invertases, and by resynthesis of sucrose in storage cells (Fieuw and Willenbrink, 1990) . Finally, sucrose is stored in the vacuoles of parenchymatous cells, and a proton-sucrose antiport system is involved in this process (Willenbrink et al., 1984) .
Concerning all phenomena observed, the underlying molecular pathways and the genes involved have not yet been described. To enable a molecular genetic approach targeted to candidate genes with functions in sugar beet development and sucrose accumulation, a comprehensive unigene cDNA collection covering at least 40% of the sugar beet transcriptome is now available (Herwig et al., 2002) . In addition, protocols for macroarray analysis of field-grown sugar beets, which allow transcripts to be detected in quantities as small as 0.01% of the poly(A) + RNA used for probe synthesis (Bellin et al., 2002) , have been established. With this technique, signal intensities from spots of the same cDNA on different filters varied <2-fold for about 90% of all cDNAs tested, and the variability within one filter was just about 1% (Bellin et al., 2002) . Here, data sets on morphology and sucrose accumulation are presented for the same field-grown sugar beet hybrid samples for which transcript profiling by macroarray analysis has been conducted. In this paper the focus is (i) on beets of six to seven developmental stages from a time-course study carried out in two consecutive years, and (ii) on two separate regions of maturing beets which are characterized by different sucrose concentrations. For beet development, two expression profile gene clusters with increased expression at the early or the late stage, respectively, were identified. Correlations between the data sets depicting the temporal and spatial sucrose gradients in beet identify molecular pathways and the underlying genes which may play a role in sugar beet development and which are potential targets for sugar-beet breeding.
Materials and methods
Plant material, cultivation, and harvesting of samples Seeds of the sugar beet hybrid KWS86203 (KWS SAAT AG, Einbeck, Germany) were sown in field plots at the Max Planck Institute for Plant Breeding Research in Cologne (Germany) on 2 May 2001 and 4 April 2002. Plants within one row were 21 cm apart, and the distance between rows was 21 cm. Cultivation followed local agricultural practice.
Plants were harvested at seven time points each in two consecutive years. To account for seasonal differences the thermal time was calculated in growing degree days (°Cd) according to the formula thermal time¼[(high+low temperature)/2]-T 0 (Thornley and Johnson, 1990) using temperatures measured at Cologne airport and T 0 ¼6°C. In the first year, 44 d after sowing (DAS) corresponded to 452°Cd, 60 DAS to 657°Cd, 76 DAS to 877°Cd, 97 DAS to 1201°Cd, 111 DAS to 1420°Cd, 131 DAS to 1668°Cd, and 168 DAS to 2019°Cd. In the second year, sugar beet plants were harvested 62 DAS (514°Cd), 82 DAS (807°Cd), 99 DAS (996°Cd), 120 DAS (1293°Cd), 141 DAS (1599°Cd), 166 DAS (1916°Cd) , and 188 DAS (2072°Cd). At 1916°Cd in the second year, additional beet material was harvested from the central 5-cm-wide region containing approximately the four innermost cambial rings and the most exterior non-green zone of 1 cm thickness excluding root tissue of at least three intermediate cambial rings.
Determination of morphological characters and sucrose content
At each time point of the kinetic study, 3-10 representative plants were harvested to measure beet diameter and length, to count the number of leaves and beet cambium rings in the region of the largest diameter, and to determine their mass. To estimate sucrose content, freeze-dried beet tissue was extracted, and sucrose was enzymatically determined (Boehringer Mannheim/R-Biopharm, Darmstadt, Germany). For each sample, sucrose measurements were performed in triplicate.
Sequence analysis A total of 11 520 sugar beet cDNA clones selected by oligo fingerprinting (Herwig et al., 2002) were sequenced. EST sequences are accessible at EMBL/GenBank under the accession numbers BQ605167, BQ582276-BQ595857, and CF542669-CF543782. Trace files were reprocessed by the base calling program Phred . Vector sequences were clipped from the raw EST sequences with Crossmatch (http:// bozeman.mbt.washington.edu/phrap.docs/phrap.html). High quality sequences were obtained by using a sliding window approach using at least 50 bp with a minimal average Phred score of 20 and filtering out slippage (Telles and da Silva, 2001 ). The trimmed sequences were compared with cDNA sequences from Arabidopsis thaliana 700 Bellin et al. available from TIGR (ftp://ftp.tigr.org/pub/data/a_thaliana/ath1/ SEQUENCES/ATH1.cdna, version 5.0) using NCBI-TBLASTX and to the non-redundant protein database from NCBI (ftp://ftp.ncbi.nlm. nih.gov/blast/db/nr, version 2005-01-13) using NCBI-BLASTX.
Macroarray generation and hybridization experiments
For macroarray generation, 11 520 unique sugar beet cDNAs were PCR-amplified and printed by the robotic system MicroGridII (Biorobotics, Carsen group, Ontario, Canada) onto 22 cm322 cm nylon filters (Hybond N + ; Amersham Biosciences, Heidelberg, Germany). Based on the observation that PCR products had an average concentration of 50 ng ll
À1
, c. 8 ng of DNA was immobilized per spot using pins 400 lm in size in eight repeated spotting steps. The printing pattern consisted of blocks comprising 434 spots with eight pairs of two identical spots each, and 384 blocks maximally containing eight different 384-well plates in duplicate constituted one sector. One 22 cm322 cm filter accommodated six sectors with 23 800 spots including controls and additional empty positions in each of the six sectors for local adjustment of expression values (details available upon request). As controls for unspecific hybridization, vector sequences as well as the insert of pAW109 (derived from GeneAmplimer Ò pAW 109 RNA; Applied Biosystems, Weiterstadt, Germany) were spotted (Bellin et al., 2002) . For sensitivity assessment, 0.8-32 ng of non-plant sequences such as a part of the human nebulin gene (Desprez et al., 1998) were immobilized, and the nebulin fragment was also used at a concentration of 50 ng ll À1 for local normalization of signal intensities. For probe preparation, RNA was extracted from pooled tissue of three representative beets. For probe synthesis, poly(A) + RNA was purified from total RNA using the mRNA purification kit from Amersham Biosciences (Heidelberg, Germany), according to the instructions of the manufacturer. To confirm proportionality between signal intensity and the amount of labelled transcript, the in vitro transcript of the nebulin control was added to each probe at 0.01% which was previously established as a spiked control (Bernard et al., 1996) for normalization purposes. Probe synthesis, mock hybridization, oligohybridization, and complex probe hybridization were carried out as described in Bellin et al. (2002) , with the exception that the DNA was precipitated with 5 ll of 3 M Na-acetate pH 5.3, 5 ll of 10 mg ml À1 yeast tRNA (Invitrogen, Groningen, The Netherlands), and 60 ll isopropanol for 1 h at -20°C to remove unincorporated nucleotides. After centrifugation for 30 min at room temperature, the pellet was resuspended in 100 ll H 2 O.
In total, 35 filters were used in one to four consecutive hybridization experiments.
Macroarray data analysis, statistics, and cluster formation Hybridization signals were acquired by a phosphorimager (STORM; GE Healthcare, Heidelberg, Germany), quantified by the program Arrayvision (Imaging Research Inc., Haverhill, UK) and corrected by subtracting the local background. Based on the concept of spiked controls (Bernard et al., 1996) , the median signal intensity of 96 spotted nebulin transcripts present in each of the six sectors of each filter was used as the normalization standard for the respective sector. The procedure of value normalization (Bellin et al., 2002) was automated by developing Excel macros.
Data analysis was based on four different hybridizations. As cDNAs were spotted in duplicate on each filter, eight independent data points per cDNA entered the evaluation in total. The smallsample procedure of the ArrayStat program package (Imaging Research Inc.) was selected to estimate the random error and to exclude outliers because of statistical reasons. Samples for which fewer than six reproducible values were left after outlier detection were excluded from the following analysis. An F-test in the same program was used to evaluate the significance of the differential expression during the time-course experiment.
To cluster profiles of differentially expressed transcripts the partition clustering algorithm k-means in the Genesis software (Sturn et al., 2002) was used for data of both years separately. In this procedure, k values from 2 to 15 were selected. Only expression values of transcripts with complete data sets for all time points evaluated were log 2 -transformed according to the Genesis software requirements, and included in the analysis. To avoid a bias by the very first, small sample at 452°Cd and 514°Cd in the first and second years, respectively, which revealed the highest variability between years, expression data sets only included samples collected later. The distance between expression patterns was measured using the Pearson correlation, and the median centre function was applied to highlight differential expression during the time course. For the data sets of either year, reproducible clusters were obtained with k¼2 generating two clusters, cl1 and cl2. Best congruence was found between cluster members of either cl1 or cl2 in both years, and transcripts identified in the same cluster in the two years were selected as candidates. For each cluster member, the highest average expression value obtained at the time point of its strongest expression is referred to as the absolute value. The ratio of the highest and the lowest expression value within the time-course is the relative value which reflects the changes in abundance of the steady-state transcript levels during the time-course.
For the topological analysis, expression values for the inner and the outer beet zone were derived from four independent hybridizations to the same type of filters described above. Data of these eight technical replications were used to calculate average values for each tissue. Outliers were then detected by the ArrayStat program package (Imaging Research Inc.) using the pooled-curve fit procedure. Transcripts showing fewer than six reproducible values were eliminated for statistical reasons. Average values were tested for significant differences between the inner and outer beet using the z-test without threshold values. Finally, the candidates were ranked according to the ratios calculated from their expression values of the two beet regions.
Semi-quantitative RT-PCR analysis
First-strand cDNA was synthesized from 0.5 lg DNase-treated (Ambion Inc., Huntingdon, UK) poly(A) + RNA using Superscript II reverse transcriptase (Invitrogen, Groningen, The Netherlands). Equal amounts of cDNA samples were estimated based on housekeeping genes, and the transcript pattern for the 60S ribosomal protein (accession number BQ488925) is given as an example in Fig. 2 . Information on sequence-specific primers, PCR conditions, and expected and obtained fragment sizes is listed in Supplementary data (see Supplementary Table 1 at JXB online). For each transcript, the number of cycles providing the most dynamic range of the transcript profile was experimentally determined. RT-PCR products were separated in 1.5% agarose gels, scanned using the same phosphorimager as for the macroarray data acquisition, and densitometrically analysed using ImageQuant software (GE Healthcare, Heidelberg, Germany). For each transcript, all densitometric values were summed up over the annual time-course, and the amount of transcript in an individual sample was expressed as a percentage of the total value of expression.
Results
Morphological and biochemical characterization of root development and sucrose accumulation Sugar-beet development was analysed in field plots in two consecutive seasons. As temperature is a main factor determining seasonal effects on plant growth, cumulative thermal time (Thornley and Johnson, 1990) was calculated for each sample. The concept of summing up temperature over time is based on the observation that plants need certain amounts of warmth to reach a developmental stage. To evaluate sugar-beet development in the two years, morphological as well as biochemical characters were plotted against thermal time, covering the entire growth period from early stages of development starting at 500°Cd up to beet maturity at a little more than 2000°Cd (Fig. 1A-F) . With the exception of beet mass, the largest increases in measured characters were found during the early stages. The number of cambium rings and sucrose content increased most between 452°Cd and 1420°Cd in the first year and 514°Cd and 1293°Cd in the second year. The number of cambium rings was already about half of the final number in the first sample, with a maximum of 13 or 14 at the end of the vegetative season. After only 657°Cd in the first year and 514°Cd in the second year, the sucrose concentration was 10.2% and 7.5% of the fresh weight, respectively. These values are equal to nearly 60% and 45% of the sucrose percentage at the end of the first and second season, 17.4% and 17.1%, respectively. At 1916°Cd in the second year, the spatial distribution of sucrose in the beet was analysed. The core of the tap root, which contains fully expanded cambial rings, had a sucrose concentration of 17.260.6% while the outermost exterior zone contained 12.460.1% sucrose per gram fresh weight.
With the exception of the fourth sample in the first year, root length increased from about 10 cm at the first measurement up to >20 cm at 1420°Cd and 1293°Cd in the first and second year and reached maximal length of 23 cm and 26 cm at 1668°Cd and 1916°Cd in the two seasons tested.
Leaf number and root diameter also showed the largest increase in the first part of the period monitored in the two years ( Fig. 1D, E) , but, considering their maximal values, the first measurements at around 500°Cd were much smaller than the relative values of the previously mentioned traits, indicating a delay and a steep increase during the time monitored. The maximum leaf number of 43 was counted at 1668°Cd in the first year, and in the second year this was at 1599°Cd with 46 leaves. Root diameter reached the plateau phase at 1201°Cd in the first year and, in the second year, a more linear increase in root diameter was observed until 1599°Cd.
Mass increase appears to be further delayed in both years ( Fig. 1F) , and especially in the second year, the highest rates of increase were observed between the last time points reaching the maximum mass of about 1.1 kg at 1916°Cd.
Tap root candidate transcripts differentially expressed during development and across the radial dimension of the beet Macroarray results were obtained for 11 520 cDNA clones (Table 1A ). In the time-course experiment, 3486 transcripts (30.26%) showed differential expression in the first year and 2052 (17.81%) in the second year. No differential expression was recorded for 7692 and 9076 transcripts, respectively. Data on 342 and 392 transcripts had to be discarded for statistical reasons in the two experiments.
Macroarray data analyses were performed for each year separately. Based on transcripts with complete sets of expression values, cluster analysis revealed two groups of differentially transcribed genes in both years. Transcripts of the first cluster, cl1, showed a higher expression during the first part of the development while transcripts of the second cluster, cl2, were characterized by higher expression values at the end of the season (Fig. 1G, H) . The transition between high and low expression levels of cl1 genes was found at around 1420°Cd in the first year and between 1293°Cd and 1599°Cd in the second year. Complementarily, the transition from low to high levels of cl2 transcripts occurred at around 1420°Cd in the first year and between 1293°Cd and 1599°Cd in the second year. These time points, at which the expression profiles reverse, mark the transition from the early phase of rapid increase in most traits, apart from mass, to the plateau phase in which only minor changes in trait values were observed ( Fig. 1A-F) .
Crosswise comparisons between cl1 and cl2 members in both years revealed that 80.9% of cl1 transcripts in the first year were identical to 95% of the cl1 transcripts in the second. Concerning cl2, 91% of the transcripts identified in the first year were in common with 62% of the transcripts identified in the second. Considering both years, 543 putative genes revealed a reproducible preferential transcription during early stages of development, and 170 putative genes during late developmental stages (Table 1B) . Profiles of selected transcripts were validated by semi-quantitative RT-PCR as shown for a representative set of six transcripts (Fig. 2) .
The comparison of the two beet zones with differing sucrose content identified 373 transcripts with a higher expression in the inner beet region and 148 in the outer (Table 1B) .
Classification of differentially expressed genes deduced from the time-course experiment
For 366 transcripts of cluster 1 and 102 transcripts of cluster 2, sequence analysis retrieved annotations with expected values below e À20 (Table 1B; see Supplementary Table 2 at JXB online). These transcripts were manually assigned to functional gene classes. The 40 transcripts with the highest absolute and relative expression (or both) are presented for both clusters (Table 2) , with relative expression providing the factor by which transcript levels increase or decrease during the time-course. In cl1, 13 were among the 40 most expressed at both the absolute and relative scale, while in cl2, 16 of such transcripts were identified. Differentially expressed genes with strong absolute or relative transcription during early development are predicted to contribute to high activity of cytoskeletal reorganization, transport processes, cell wall biogenesis, and defence responses Among cluster 1 transcripts (Table 2A) , 11 gene products are present which function in cytoskeletal reorganization, the secretory pathway, and vesicular trafficking, a group of transcripts absent from cluster 2. Encoded gene products such as tubulins and a KNOLLE-related putative syntaxin (Müller et al., 2003) play essential roles during cell division and cytokinesis. A predicted signal recognition particle receptor (Pool et al., 2002) , as well as SEC14 family members (Bankaitis et al., 1989) and two C2 domain-containing proteins with similarity to SRC2 (Oufattole et al., 2005) , are associated with synthesis and export of secretory proteins.
A second group of transcripts over-represented in cl1 are putatively involved in transport processes with a predominant group of major intrinsic proteins which are part of the transport systems for water and small non-electrolytes (Johansson et al., 2000) .
A group of transcripts abundantly expressed during early, but also late development is predicted to function in cell wall biogenesis and modification. In the first phase of development, among others transcripts for glycoside hydrolase, xyloglucan:xyloglucosyl transferase and expansin proteins were identified which are potentially involved in the reorganization of pectins, components of the primary cell wall (Xu et al., 2004; Cosgrove, 2005 ; http:// afmb.cnrs-mrs.fr/CAZY/).
Activities in stress defence and pathogenesis response are indicated by the transcription of a major latex protein (Nessler et al., 1985) , an osmotin-and a thaumatin-like protein, as well as Bet v I allergen. Preferential transcription of gene products such as an aspartyl protease, a nucellin member (Chen and Foolad, 1997) , and two transcripts with deduced U-box domains characteristic of the ubiquitination machinery (Azevedo et al., 2001) suggest high protein degradation.
Among gene products involved in signal transduction, five transcripts for phosphate-responsive proteins were preferentially expressed in the early phase, and a similar gene product, EXO, has been associated with cell division in meristem development (Farrar et al., 2003) .
Metabolism-related transcripts were represented by three whichencodemutasefamilyproteinscatalysingtheformation of C-P bonds in phosphonates (Anzai et al., 1987) . Analogues are known from carnation, but their functions are as yet unclear (Wang et al., 1993) . These transcripts also contain a signature of isocitrate lyase, an enzyme of the glyoxylate cycle. The transcript for isocitrate lyase correlated with seedling vigour in sugar beet (de los Reyes et al., 2003) . In the study cited, germination-related transcripts participate in lipid metabolism. Also cluster 1 contains eight transcripts expressed at a relatively low level for enzymes predicted to be involved in fatty acid oxidation (see Supplementary Table 2 at JXB online). Additionally, the presence of three different transcripts for adenosylhomocysteinase, and 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase indicates the relevance of methionine biosynthesis in this developmental period. The amino acid regulates one-carbon metabolism and methylation capacity (Mudd and Datko, 1990; Ranocha et al., 2001; Kocsis et al., 2003) . The importance of one-carbon metabolism is further supported by the high expression of the transcript encoding GTP cyclohydrolase, a key enzyme in the synthesis of the C1-unit transferring cofactor folate (Hanson and Gregory, 2002) .
Preferential expression of genes during late development indicates activity in protein biosynthesis, plant growth factor metabolism, cell wall biogenesis, and defence responses Transcripts for ribosomal proteins and translation initiation factors associated with ribosome and protein biosynthesis 543 (366) 170 (102) 373 (240) 148 (97) were over-represented in cl2 (Table 2B) . Also genes involved in plant growth-factor regulation such as gibberellin 20-oxidase (Fleet and Sun, 2005) , zeaxanthin epoxidase catalysing a crucial step in ABA synthesis (Seo and Koshiba, 2002) , and two ethylene-responsive transcriptional coactivators belong to the over-represented group. Transcripts for gene products related to signal transduction, defence, stress, protein degradation, and cell-wall biogenesis were of similar abundance to cl1, even if the composition of the group was different. During late development, transcription of a presumed vacuolar processing enzyme, a cysteine proteinase known to be induced in senescing organs associated with programmed cell death (Rojo et al., 2004; Hara-Nishimura et al., 2005; Thompson and Vierstra, 2005) , showed abundant expression. The same pattern was evident for a transcript encoding glutamate-cysteine ligase/gamma-glutamylcysteine synthetase which catalyses a rate-limiting step in the (Noctor et al., 2002) . A transcript for a putative galactinol synthase involved in the heat stress-dependent synthesis of the trisaccharide raffinose (Panikulangara et al., 2004) showed high absolute and relative expression in cl2. Four of the most overrepresented transcripts during late development encode chlorophyll A-B binding proteins.
Transcription profile of the inner tap-root zone reflects high protein turnover whereas transcriptional activity in the outer zone is more in line with exposure to pathogens and light Among preferentially core-expressed transcripts, 240 were annotated with expected values below e À20 ; among transcripts with preferential expression in the outer beet, 97 fulfilled this criterion (Table 1B) . Transcripts with differential expression in the inner and outer beet region were ranked according to their expression value ratios, and the 40 most extreme were grouped according to their predicted functions in Table 3 .
Both beet regions shared gene products in most functional categories, but there were a few exceptions. The category of proteolysis including a cullin and an F-box protein, as well as an ubiquitin-conjugating enzyme and an ATP-dependent Clp protease, is unique to the inner zone. The associated protein turnover may be refilling substrate pools required for reorganization of metabolic activity also involving transcription and translation. Transcriptional activity is indicated by the presence of transcription-factor domains such as zinc finger-or MADSbox elements in signal transduction-related gene products preferentially expressed in the inner zone. Transcripts encoding ribosomal proteins were also over-represented at moderate levels (see Supplementary Table 2 at JXB online), and a putative transcript for 1-phosphatidylinositol-4-phosphate 5-kinase regulating development of procambial cells (Elge et al., 2001) was found preferentially in the inner region.
Among the most prominent gene products in the outer beet region there are some related to chloroplast or photosynthetic activity and plant growth factor regulation. Transcripts encoding gibberellin 2-oxidase and a gibberellin-responsive protein, both members of cluster 1, point to a particular role for this growth factor. Further signal transduction-related transcripts in the outer region comprise a group of phosphatases with functions at the post-translational level.
Transcripts encoding transporters are present in both zones. However, those encoding multi-drug transporters such as MATE efflux (Brown et al., 1999; Eckardt, 2001) and ABC1 proteins (Martinoia et al., 2002) possibly involved in detoxification, were only found in the external root zone, whereas a sugar transporter was identified in the inner sucrose-rich region.
In both the inner and the outer part of the beet, transcripts involved in cytoskeleton formation, vesicular trafficking, and protein secretion, as well as those related to defence and stress, were identified. Gene products involved in cell-wall biogenesis showed a similar distribution, but the annotations point to different functional contexts: whereas in the inner region annotations for phosphomannomutase or cinnamoyl-CoA reductase indicated biosynthetic activities in cell-wall differentiation, the outer root zone contained transcripts for a glycoside hydrolase family 28 protein with polygalacturonase activity, and a glycosyl hydrolase family 18 protein with chitinase activity, both associated with processes such as degradation, reorganization, and possibly defence. It is noticeable that, among the genes preferentially expressed in the outer part of the mature beet, more cl1 members than cl2 members were present (Table 3 ). In the complete set of genes transcriptionally monitored (see Supplementary Table 2 at JXB online), the ratio of cl1:cl2 transcripts in the outer region was 22:5, whereas the ratio for the inner region was nearly even with 14 cl1 and 13 cl2 transcripts.
Genes involved in carbohydrate metabolism reveal preferential transcription during early beet development and in the core of the tap root
Based on their predicted function, 32 differentially expressed genes were assigned to glycolysis, the oxidative pentose phosphate cycle, the reductive tricarboxylic acid cycle, or to the biosynthesis pathway of sugars (Table 4) .
Transcripts encoding hexokinase 1, two types of phosphofructokinase, fructose-bisphosphate aldolase, and glyceraldehyde 3-phosphate dehydrogenase were found coregulated in cluster 1 with moderate absolute and relative expression values. Transcripts for dihydrolipoamide Sacetyltransferase, a component of the pyruvate dehydrogenase complex, and ATP-citrate synthase, aconitate hydratase, and malate dehydrogenase, followed a similar transcription pattern. The latter three enzymes act in the reductive tricarboxylic acid cycle, and aconitate hydratase is also a key enzyme of the glyoxylate pathway. Preferential expression during early development was also found for the transcripts encoding five different members of a mutase family characterized by the isocitrate lyase signature. Isocitrate lyase is a further key enzyme of the glyoxylate pathway but, contrary to the aconitate hydratase transcript, most of the mutase transcripts were about 2.5-fold more strongly expressed in the outer region of maturing beets than in the core.
Cl1-transcription patterns were found for an alcohol dehydrogenase, indicating alcoholic fermentation in young beet tissue, 6-phosphogluconate dehydrogenase, an enzyme typical of the oxidative pentose phosphate cycle, and sucrose synthase 2 (Bellin et al., 2002 ; BQ490013), a candidate not contained in the unique cDNA set, but added to the macroarray analysis whose expression pattern was confirmed by semi-quantitative RT-PCR (Fig. 2C) . With additional transcripts for two sugar transporters and a sugar isomerase domain-containing gene product, cluster 1 included the majority of putatively carbohydrate metabolism-related transcripts, whereby the transcripts for the sugar isomerase domain-containing protein and one transporter were also preferentially expressed in the core Gene products with expression patterns belonging to cluster 1 and cluster 2, respectively.
of the beet. Among transcripts with preferential expression in the inner part of the beet, a second putative glyceraldehyde 3-phosphate dehydrogenase and an enolase were identified. Transcripts for a further malate dehydrogenase and succinyl-CoA ligase followed a similar profile, as did those for the preferentially beet-expressed sucrose synthase SBSS1 (Hesse and Willmitzer, 1996; Bellin et al., 2002) , a fructose-1, 6-bisphosphatase and a fructose-6-phosphate 2-kinase/fructose-2, 6-bisphosphatase, key enzymes involved in sucrose catabolism and glucose (re)synthesis important in regulating sink strength (Nielsen et al., 2004) . A transcript for a possible pyruvate (Tables 2, 3) .
b Absolute and relative expression values of cl1 and cl2 members.
c The values for Ratio in/out describe how much detected transcript levels in the inner region of the beet exceed those of the outer region (Table 3) . ns, Not significant; na, not analysable.
decarboxylase involved in fermentation and a further sugar transporter showed a similar regulation. Concerning invertases regulating sink strength (Sturm and Tang, 1999) , three neutral isoforms and a further betafructofuranosidase produced data which could be analysed, but no differential expression was found. The same was true for two transcripts encoding sucrose phosphate synthase catalysing the final step in sucrose biosynthesis.
In addition to genes with a role in carbohydrate metabolism, the majority of differentially expressed genes with predicted functions in the metabolism of amino and fatty acids, as well as in lipid degradation, were identified in cl1 (see Supplementary Table 2 at JXB online). Among the 40 most expressed transcripts there were two for a 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase, an essential enzyme in methionine biosynthesis, and a putative 3-hydroxy-3-methylglutaryl-CoA reductase 1 catalysing a key step in the synthesis of the isoprenoid precursor mevalonic acid (Table 2A) .
The level of transcription of carbohydrate metabolismrelated genes was in agreement with the expression of 11 genes involved in fatty and amino acid metabolism in the inner beet region (see Supplementary Table 2 at JXB online). The high preferential transcription of a putative acylCoA dehydrogenase-related gene product in the core of the beet indicated the importance of beta-oxidation of fatty acids in this tissue (Table 3) .
Only two transcripts encoding gene products potentially involved in the oxidative pentose phosphate cycle, a transketolase and a glucosamine-6-phosphate isomerase/6-phosphogluconolactonase, showed preferential expression during the late developmental stages. The latter was strongly overexpressed in the outer beet region, in which also a plastidic dihydrolipoamide dehydrogenase 2, a sucrase, and the above-mentioned mutase family proteins were preferentially transcribed. During late beet development and in the peripheral, sucrose-poor region, no fatty or amino acid metabolism-related transcripts were identified, apart from two with predicted functions in lipid oxidation.
Discussion
In the present work, sugar beet samples of different developmental stages and topological zones were analysed with respect to growth characters, sucrose content, and typical transcript profiles. It was the aim to correlate changes in phenotypic characters, and, in particular, in sucrose content as a molecular phenotype, with alterations in transcript levels ultimately to identify the underlying candidate genes for the breeding process.
For better comparability of beet development between years which are subject to climatic differences, sampling dates were expressed as thermal time which accounts for the accumulated warmth as a main growth promoter. The rates of increase in shoot and root growth during the vegetation period (Fig. 1A-F ) are in line with previous reports (Elliott and Weston, 1993) . With the exception of mass, all measured characters rapidly increased in the first phase, indicating the immediate start of ring initiation and sucrose accumulation in beet development. Mass accumulated mainly at a later stage. Largely in line with these findings, no more than two expression clusters of transcripts with almost complementary expression patterns were identified in the time-course experiment (Fig. 1G,  H) . The transition from high to low expression or vice versa was around 1420°Cd in the first year and 1293-1599°Cd in the second year, when maximal values for most morphological characters, as well as for sucrose percentage, had almost been achieved.
As the beet sucrose concentration remains nearly constant from 1300°Cd to 1400°Cd onwards, the net increase in sugar appears to be due to growth and mass increase in the late phase and sucrose accumulation of the newly generated cells in the outer zone. Thus beet sink strength is maintained, and plant metabolism may be adjusted to further sucrose accumulation and to the imminent winter period at the end of the first season reflected by high protein turnover and biosynthesis activity, especially in the inner zone in late development. Plant growth factors, as indicated by the respective class in cl2, may assume regulatory functions of the developmental programme (Table 2B) , and candidates encoding gene products involved in pathogen defence and senescence which were over-represented among the cl2 members indicate their increasing importance in maturing, sucrose-rich beets.
The notion that there is a spatial gradient in cell expansion and sucrose accumulation throughout the beet from inner to outer zones during development is complemented by the finding that transcripts belonging to cl1 are over-represented in the outer beet zone. This implies that this region may be developmentally delayed, a condition which is also indicated by the low sucrose content and as yet unexpanded cambial rings. In both young beets and the outer region of more mature beets, cells derived from the cambia are considered small and undifferentiated, but preparing for sucrose accumulation and expansion, a situation arguing for the expression of related genes. Following this rationale, the temporal gradient of transcript abundance in beet development may be partly superimposed on the spatial gradient. As a result, maturing beets contain transcripts typical of the innermost sucrose-rich cells and typical of differentiating sucrose-poor cells in the outer parts simultaneously. Based on this reasoning, selected processes and the gene products involved can be presented according to their transcript levels as follows.
An example of a factor typical of expanding cells, both during early development and in the maturing outer zone, appears to be gibberellin. This is indicated by preferential expression of two transcripts related to gibberellin synthesis and activity in both cl1 and the outer region (Tables 2, 3 ). Gibberellin-like activity also correlated well with the period of rapid cell expansion at the temporal scale (Elliott and Weston, 1993) .
The nearly 9-fold increase in beet diameter between 500°Cd and 1500°Cd indicates a high growth rate and biosynthetic activity. This is reflected at the transcript level with high expression values for cl1 transcripts encoding gene products with functions in cytoskeletal reorganization, which is seen in the context of cell division and differentiation, and transport processes, which serve directed distribution of metabolites and cellular homeostasis in the case of membrane intrinsic proteins (Table 2A) .
The largest number of differentially expressed beet transcripts encoding enzymes involved in primary carbohydrate metabolism is predicted to function in either the reductive tricarboxylic acid or the glyoxylate cycle, and shows moderate expression levels (Table 4 ). Both cycles are anaplerotic pathways refilling pools of substrates for biosynthetic reactions typical of actively growing tissue. Correspondingly, preferential expression is found in the young beets and/or the inner region, with the exception of four transcripts, showing similarity to mutase family proteins with an isocitrate lyase domain, which are preferentially expressed in the outer region of the root. This spatial type of expression makes it unlikely that the predicted enzymes participate in the same glyoxylate cycle. Either the identified gene products act in locally separated, but functionally similar pathways, or the mutase family proteins assume different functions (Anzai et al., 1987; Wang et al., 1993) .
According to the model for sucrose accumulation in sugar-beet roots (Fieuw and Willenbrink, 1989) , sucrose phosphate synthase and sucrose synthase play major roles in the regulation of sink strength; invertases are considered further candidates in this respect (Sturm and Tang, 1999) . None of the two isoforms of sucrose phosphate synthase (Hesse et al., 1995) or the invertases showed preferential expression in the time-course analysis, and the possibility exists that regulation takes place at a different level in these cases. However, the sucrose synthase isoform which is preferentially transcribed in roots and inflorescences (accession number BQ490013; Bellin et al., 2002) , showed the highest expression level during early beet development (Fig. 2C) , correlating with the period of highest sucrose accumulation. In addition, a transcript for a sucrase-related protein, which is predicted to increase the sucrose flow by cleaving sucrose at the sink, is preferentially expressed in the outer region of the mature beet (Table 3 ). The preferentially root-expressed sucrose synthase isoform SBSS1 (accession numbers X81974/ BQ490130/BQ594479; Hesse and Willmitzer, 1996; Bellin et al., 2002) was over-represented in the inner sucrose-rich region at maturity (Fig. 2, Table 3 ). Its pattern of expression was shared by transcripts encoding fructose-1, 6-bisphosphatase and fructose-6-phosphate 2-kinase/fructose-2, 6-bisphosphatase, two further enzymes mediating sink strength (Nielsen et al., 2004) .
With only low levels of transcripts related to carbohydrate metabolism, but high transcript levels for fibre biogenesis-and stress defence-related gene products, a similar situation was found in sugar-cane stems (Casu et al., 2003 (Casu et al., , 2004 . Just one sugar transporter, PST2, showed high abundance in the maturing sucrose-rich stem and was associated with maintaining sugar fluxes into mature-stem sink tissues and regulating the osmotic equilibrium, an important function in tissues with high sucrose levels. Interestingly, three transcripts for sugar transporters have been found preferentially expressed in cluster 1 and/or the inner beet region, in agreement with the highest sucrose increase rate and/or the highest absolute sucrose content (Table 4 ). The particular relevance of the putative gene products identified in the present analysis, however, cannot be supported without their detailed functional analysis carried out at the cellular level.
Cluster-1 transcripts preferentially expressed in the outer zone of maturing beets like those encoding the cell wall proteins xyloglucan:xyloglucosyl transferase and three glycoside hydrolase family 28 proteins (Tables 2A, 3) may alternatively be boundary-specific with constant expression during development, but due to the decreasing proportion of the boundary zone in the growing beet, which means a low ratio of surface area to total volume, lower transcript levels may have been detected in whole mature beets used for the kinetic study. In line with this hypothesis, most of the cl1 genes in the outer zone are not characterized by high absolute expression, but by high relative transcript levels (Table 2A) , indicating a strong decrease in measured transcripts caused by dilution from early to late stages.
The few transcripts common to the outer beet region and cl2 are assumed to be regulated based on the spatial exposition of the maturing beet to exogenous pathogens and to light. Apart from transcripts for two chitinases implicated in pathogen defence, transcripts were found for a subunit of ribulose-bisphosphate carboxylase and a chlorophyll A-B binding protein, both being induced by light in leaves (Lu et al., 2002) .
The present work shows that monitoring molecular phenotypes such as the metabolite sucrose in combination with gene expression profiling can be an effective tool to associate genes with functions and to identify key genes in metabolic processes which may be relevant in the plant breeding process. In natural or experimental populations, transcript levels of individual genes can be treated as quantitative factors to be mapped as genetic loci, a concept first introduced as 'genetical genomics' (Jansen and Nap, 2001) . If the expression level is indicative of an agronomically important phenotype trait, selection in the breeding process may be complemented by transcript profiling. Such effects were recently demonstrated for transcriptionally regulated genes in barley (Potokina et al., 2004 (Potokina et al., , 2006 . Quantitative trait analyses for sugar quality and yield are feasible (Weber et al., 1999 (Weber et al., , 2000 Schneider et al., 2002) , and linkage analyses of the genes identified in the present work should determine their genetic relevance for the traits considered.
Supplementary data
Supplementary data can be found at JXB online. 
